ABSTRACT. This study was designed to determine whether polymorphisms in the gene wingless-type MMTV integration site family, member 10A (WNT10A) are associated with non-syndromic hypodontia (tooth agenesis). A case-control study was performed involving 129 subjects with sporadic non-syndromic hypodontia (cases) and 218 healthy individuals (controls). DNA was obtained from whole blood and the ligase detection reaction method was used to analyze two single nucleotide polymorphisms (SNPs) of the WNT10A gene. A significant difference between cases and controls was observed in the allele and genotype frequencies of both SNPs (rs116998555 and rs147680216). For rs116998555, the presence of the T allele (the thymine variant) was associated with tooth agenesis [odds ratio (OR) = 5.722; 95% confidence interval (CI) = 3.053-10.727; P < 0.001], while for rs147680216, the A allele (the adenine variant) correlated with this condition (OR = 2.665; 95%CI = 1.512-4.695; P < 0.001). We provide here the first case-control study evidence that risk of hypodontia may be related to the WNT10A polymorphism. Our results also confirm the importance of the Wnt pathway in tooth development.
INTRODUCTION
Hypodontia or tooth agenesis is one of the most common human developmental abnormalities and can lead to masticatory dysfunction, speech alteration, esthetic concerns, and malocclusion (Vieira et al., 2004) . Tooth agenesis may present as a component of other disorders, such as anhidrotic ectodermal dysplasia, Witkop syndrome, and Rieger syndrome (Kere et al., 1996; Semina et al., 1996; Stimson et al., 1997; Slavkin, 1999) . However, the isolated, nonsyndromic form is more common. The prevalence of hypodontia of permanent teeth ranges from 2.2 to 10.1% in the general population, excluding third molars (Polder et al., 2004) .
The literature contains myriad theories regarding the etiology of non-syndromic hypodontia, with many having been suggested prior to the advent of modern genetic studies (Opitz, 2000) . Although hypodontia is occasionally caused by environmental factors, in the majority of cases it has a genetic basis (Opitz, 2000) . To date, mutations in msh homeobox 1, paired box 9, axin 2, ectodysplasin A, and wingless-type MMTV integration site family, member 10A (WNT10A) have been found to be associated with non-syndromic hypodontia (Vastardis et al., 1996; Mensah et al., 2004; Bergendal et al., 2011; van den Boogaard et al., 2012; Nikopensius et al., 2013) . However, many individuals with this condition lack detectable mutations in these five genes and the underlying molecular mechanisms remain unclear.
Dental development, involving many genes and signaling pathways, is a very complex process (Hu and Simmer, 2007) . Tooth development requires an array of sequential epithelialmesenchymal interactions involving many signaling molecules, such as growth factors and their receptors, transcription factors, and other modifier proteins (Thesleff and Sharpe, 1997) . Alterations in one or more of the genes encoding these signaling molecules may cause tooth agenesis. Gene polymorphism underlies genetic diversity within a species, but there also exists a close relationship between polymorphism and disease susceptibility. Single nucleotide polymorphisms (SNPs), individual nucleotide substitutions that occur at a high frequency in the human genome, are the most common form of genetic variation, capable of affecting gene and protein function (Mostowska et al., 2006) , and thus potentially constituting risk factors for non-syndromic hypodontia.
WNT10A mutations have been associated with various ectodermal dysplasia syndromes, ranging from severe autosomal recessive Schopf-Schulz-Passarge syndrome (SSPS) to odontoonycho-dermal dysplasia (OODD) and autosomal dominant missing teeth (Adaimy et al., 2007; Bohring et al., 2009; Nagy et al., 2010) . OODD and SSPS share common characteristics, including severe hypodontia. Recent studies have found that mutations in WNT10A are also associated with nonsyndromic hypodontia, for example, Kantaputra and Sripathomsawat (2011) reported that a mutation in this gene gave rise to this condition in an American family, and van den Boogaard et al. (2012) suggested that such mutations are present in more than half of non-syndromic hypodontia cases.
Here, a case-control study was conducted to investigate the association between WNT10A polymorphisms and sporadic non-syndromic hypodontia in the Han Chinese population.
MATERIAL AND METHODS

Subjects
We studied 129 sporadic non-syndromic hypodontia patients [56 men and 73 women with a mean age of 25.23 years; standard deviation (SD) = 8.16], and 218 control subjects (103 men and 115 women with a mean age of 32.04 years; SD = 8.16). All individuals participating in this study were genetically unrelated ethnic Han Chinese from Shandong or surrounding regions. Sporadic hypodontia patients were diagnosed by clinical examination and dental history, and a standard informed consent form was signed by all subjects. Details of the study population are presented in Table 1 . 
SNP selection
We identified two SNPs (rs116998555 and rs147680216) that demonstrated greater variation in individuals with hypodontia. As these SNPs can lead to amino acid substitutions in the WNT10A protein, we selected them for genotyping. Details are presented in Table 2 . 
DNA extraction
Genomic DNA was extracted from blood using the TIANamp Blood DNA Midi Kit (Biomed Biotechnologies Inc., Beijing, China), following the manufacturer protocol. DNA integrity and quantity were verified by agarose gel electrophoresis.
Genotyping
All genotyping experiments were carried out by the Shanghai Biowing Applied Biotechnology Company (Shanghai, China) using the ligase detection reaction (LDR) method. Firstly, target DNA sequences were amplified using multiplex polymerase chain reaction (PCR). Then, samples were incubated with 1 µL proteinase K (20 mg/mL) at 70°C for 10 min before the reaction was stopped by heating to 94°C for 15 min. The ligation reaction for each sample was carried out in a final volume of 20 µL, containing 20 mM Tris-HCl, pH 7.6, 25 mM potassium acetate, 10 mM magnesium acetate, 10 mM dithiothreitol, 1 mM nicotinamide adenine dinucleotide, 0.1% Triton X-100, 10 µL multiplex PCR product, 1 pmol each discriminating probe, 1 pmol each common probe, and 0.5 µL Taq DNA ligase (40 U/µL; New England Biolabs, Ipswich, MA, USA). LDRs were performed using 40 cycles of 94°C for 30 s and 63°C for 4 min. The fluorescent products were detected using an ABI 377 sequencer (Applied Biosystems, Foster City, CA, USA).
Statistical analysis
Hardy-Weinberg (HW) equilibrium was tested using the chi-square goodness of fit test to compare observed and expected genotype frequencies for cases and controls. Clinical information and gender was compared across genotypes, using chi-square tests. P values lower than 0.05 were considered statistically significant. Associations between genotypes and risk of sporadic non-syndromic hypodontia were estimated by computing odds ratios (OR) and 95% confidence intervals (95%CI) from logistic regression analyses. All statistical tests were performed using SPSS 13.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
For both control and case groups, genotype frequencies were found to be in HW equilibrium (P > 0.05).
Both WNT10A SNPs (rs116998555 and rs147680216) exhibited significant differences in allele and genotype frequencies when the case and control groups were compared (Tables 3 and  4) . For rs116998555, the C allele (the cytosine variant) was identified in 84.1% of the case group and 97.2% of the control group, with the T allele (the thymine variant) being found in 15.9 and 2.8% of each group, respectively (OR = 5.722; 95%CI = 3.053-10.727; P < 0.001). The rs116998555 CC, CT, and TT genotypes were present at frequencies of 76.0, 16.3, and 7.7%, respectively, in the case group, and 95.0, 3.7, and 1.4%, respectively, in the control group (P < 0.001). Thus, for this SNP, the T allele seems to be a risk factor for tooth agenesis. SNP = single nucleotide polymorphism. Regarding rs147680216, the G allele (the guanine variant) was identified in 87.6% of the case group and 96.0% of the control group, while the A allele (the adenine variant) was present in 12.4 and 4.0% of each group, respectively (OR = 2.665; 95%CI = 1.512-4.695; P < 0.001). The rs147680216 GG, GA, and AA genotypes were found at frequencies of 79.8, 15.5, and 4.7%, respectively, in the case group, and 90.8, 8.3, and 0.9%, respectively, in the control group (P < 0.001). Therefore, the rs147680216 A allele appears to be associated with increased risk of tooth agenesis.
DISCUSSION
In this case-control study, we analyzed two SNPs (rs116998555 and rs147680216) in WNT10A in order to investigate their potential roles in tooth agenesis. Our data show that both polymorphisms may be associated with non-syndromic hypodontia. As described above, a number of studies have demonstrated associations between WNT10A mutations and tooth development. Our investigation has further confirmed these findings and has shown that certain WNT10A SNPs may be risk factors in tooth agenesis.
Molecular studies of odontogenesis in mice have demonstrated that a number of Wnt genes are expressed in developing teeth and that changes in their expression may be one of the factors behind tooth agenesis (Zhang et al., 2005) . The first evidence for the crucial role of the Wnt pathway in odontogenesis came from a functional analysis of lymphoid enhancer-binding factor 1 (Lef1). The protein product of Lef1 is a transcription factor involved in activating Wnt target genes that also plays a critical role in the survival of epithelial cells during tooth morphogenesis (Sasaki et al., 2005) . Lef1-null mutant mice die shortly after birth and show abnormalities in epithelial-mesenchymal interactions, which lead to arrest of tooth development at the bud stage (Kratochwil et al., 1996) . Defects in odontogenesis are also observed in mice overexpressing Wnt-signaling inhibitors, including Dickkopf and secreted frizzled-related protein 3 (Sarkar and Sharpe, 2000) . These studies further support the involvement of Wnt family members, like WNT10A, in tooth agenesis.
Teeth are an important model in the field of evolutionary developmental biology (Line, 2001 (Line, , 2003 . Teeth are an important model in the field of evolutionary developmental biology. The changes in dental patterning showed that tooth development is very complex. Any change in gene could be associated with changes in the regulation of tooth budding morphogenesis. Polymorphic genetic loci have been directly associated with morphological variation in non-vertebrates. Therefore, it is meaningful to study the association between genetic polymorphism and tooth agenesis (Zimmerman et al., 2000) .
Teeth are serially homologous structures, and the effects of gene variations on their development can be quantified easily. Individuals with distinct polymorphic alleles may exhibit subtle and specific phenotypic variations in dental patterning. In this sense, association studies between gene polymorphisms and hypodontia, as well as other mild malformations that reflect qualitative defects in embryogenesis, may aid our understanding of the molecular mechanisms responsible for the subtle phenotypic variations that characterize distinct human populations and ethnic groups (Opitz, 2000) .
In this report, we have provided the first case-control study evidence that WNT10A SNPs play a significant role in non-syndromic hypodontia. The importance of the Wnt pathway in tooth development has also been confirmed by these results. However, an understanding of the exact function of WNT10A in odontogenesis requires further detailed analysis of each stage of the process. Future studies involving larger sample sizes and extensive screening of further WNT10A variants, as well as other candidate genes, will be required to determine the true importance of such polymorphisms in human sporadic hypodontia.
